The four RNAs of brome mosaic virus induce substantial incorporation of amino acids into protein when used as messengers in a cell-free proteinsynthesizing system derived from wheat embryo. RNA showed, quite unequivocally, that viral coat protein can be synthesized in a cell-free system from wheat embryo programmed with the RNA of satellite tobacco necrosis virus (STNV). The in vitro product has nearly the same spectrum of tryptic peptides as authentic STNV coat protein, although it is slightly lower in molecular weight, presumably as a consequence of an aberrant post-translational proteolytic cleavage. Klein et al. presented evidence that translation is initiated correctly and that synthesis of the single product is substantial. The exceptional success of this in vitro synthesis is attributable to the careful definition, by these investigators and also by Marcus and his colleagues (4, 5), of several of the important variables of the wheat system.
Many examples exist of the faithful synthesis of viral and of cellular proteins in cell-free systems derived from microorganisms or from animal cells (1) . With one exception, all reports of in vitro synthesis of authentic proteins in plant extracts are preliminary or speculative (2). Klein et al. (3) showed, quite unequivocally, that viral coat protein can be synthesized in a cell-free system from wheat embryo programmed with the RNA of satellite tobacco necrosis virus (STNV). The in vitro product has nearly the same spectrum of tryptic peptides as authentic STNV coat protein, although it is slightly lower in molecular weight, presumably as a consequence of an aberrant post-translational proteolytic cleavage. Klein et al. presented evidence that translation is initiated correctly and that synthesis of the single product is substantial. The exceptional success of this in vitro synthesis is attributable to the careful definition, by these investigators and also by Marcus and his colleagues (4, 5) , of several of the important variables of the wheat system.
The efficacy of the wheat-embryo system, the partial success of brome mosaic virus (BMV) RNA and STNV RNA translation in Escherichia coli extracts (6) (7) (8) , and the fact that wheat is a natural host of BMV (although not of STNV) has prompted us to test the BMV RNAs as messengers in a wheat-embryo system. We find that the BMV RNAs serve as excellent messengers-with an efficiency comparable to that reported for bacteriophage RNA in E. coli extracts.
BMV is one of several RNA-containing plant and animal viruses whose genetic complement is divided among several nucleic acids (9) . (Other examples are alfalfa mosaic virus, tobacco rattle virus, influenza virus, and Rous sarcoma virus.)
The smallest of the four BMV RNAs, RNA 4, is not needed for infection; yet, it is regenerated in infected cells and is a structural component of one of the BMV virions. RNA 3, the second smallest of the BMV RNAs, contains the coatprotein cistron and has part of its sequence identical to the complete sequence of RNA 4 (10) .
With the availability of the BMV RNA-wheat-embryo system we are able to 
MATERIALS AND METHODS
Preparation of BMV, BMV RNA, and BMV Coat Protein. BMV (Russian strain) was grown and isolated by procedures described (10) . BMV RNA was isolated from purified virus by phenol extraction (11) . RNA 4, RNA 3, and a mixture of RNA 1 and 2 were obtained by fractionation of whole BMV RNA on 5-20% sucrose density gradients centrifuged in a Spinco SW25 rotor at 25,000 rpm for 18 hr followed by a second separation of appropriately combined fractions (6) .
Coat protein was prepared by dialyzing the virus against 1 M CaCI2. This degrades the virus and quantitatively precipitates the viral RNA, leaving the protein in solution (12 were combined. Chaff was removed by gentle blowing, and the embryos were partially separated from broken endosperm by flotation in a solvent mixture consisting of 500 ml of carbon tetrachloride and 200 ml of cyclohexane. In this mixture, most of the broken endosperm particles sink while embryos remain afloat. Embryos were skimmed off and air-dried; unbroken ones were selected. An S23 cell-free extract similar to that of Marcus et al. (4) was stopped by addition of 0.06 ml of a solution containing 125 mM EDTA, 3% purified casein hydrolyzate, and 0.1 mg/ml of RNase. When only the total incorporation was to be determined, the reaction was stopped by addition of 5 ml of 5% trichloroacetic acid. This mixture was heated at 900 for 15 min. The materials insoluble in hot trichloroacetic acid were recovered over a 0.45-pAm pore-size Millipore filter.
Gel Electrophoresis was used for both analytical and preparative purposes. The in vitro incorporation mixture was treated as described (14) . Before electrophoresis, the samples were heated at 60°for 5 min, and 200-pAl aliquots were applied to 10% Na dodecyl sulfate-polyacrylamide gels (14) . After electrophoresis at 3 mA per gel for 16 hr, the gels were fractionated into about 1-mm fractions with a Gilson gel crusher. The gel crusher automatically delivers 0.33 ml of water to each fraction. Radioactive materials were eluted from the gel particles by heating the fractions at 600 for 3 hr. Radioactivity was counted after cooling. For preparative runs, a small aliquot of the eluent of each fraction was counted, and appropriate fractions were pooled and dialyzed.
Cyanogen Bromide Cleavage and Tryptic Peptide Mapping.
Radioactive protein, isolated from gels, was treated with 2% cyanogen bromide in 70% formic acid at room temperature (240) for 16 hr. After concentration by lyophilization, the samples were subjected to electrophoresis on 12.5% Na dodecyl sulfate-polyacrylamide gels (15 Translation of BMV RNA for a cell-free system from E. coli programmed with phage Q,3 RNA (8), and is about the same as obtained by us under closely comparable conditions. It is about 10-fold greater than that obtained when the wheat-embryo system is programmed with STNV RNA, presumably, reflecting the status of BMV RNA as a homologous RNA. The aminoacid incorporation directed by BMV RNA is markedly sensitive to Mg++ ion concentration. When Mg++ is added as magnesium acetate, the optimum is 3.6 mM. In common with other eukaryotic systems, the incorporation is inhibited by cycloheximide. Under the conditions of Table 1, cycloheximide (100,ug/ml) reduces the incorporation to 0.2% of that in its absence. The incorporation level is unaffected by 50 /Ag/ml of chloramphenicol.
In Vitro Translation of RNA 4. The in vitro synthesis of products directed by BMV RNAs were analyzed on Na dodecyl sulfate-polyacrylamide gels. Fig. 1 shows the gel electrophoretic pattern of the 3H-labeled in vitro product directed by RNA component 4. Most of the 3H-label appears in a major component that coelectrophoreses with authentic BMV coat protein (14C-labeled).
As further identification, cyanogen bromide and tryptic peptide maps were made. 14C-labeled BMV coat protein was mixed with 3H-labeled in vitro product and electrophoresed as above. Labeled proteins were eluted from the gels and treated with cyanogen bromide or trypsin. The electrophoretic patterns of peptides resulting from cyanogen bromide cleavage are shown in Fig. 2 . The 14C-and 3H-labeled peptides coincide even in the positions of the minor bands, which presumably correspond to cleavage of the polypeptide chain at aminoacid residues other than methionine. Fig. 3 shows the tryptic peptide patterns. The patterns of in vitro and authentic protein show substantial similarity in positions of peaks of radioactivity although the ratios of 14C to 3H among some of the corresponding fractions are different. These differences should be expected because, of necessity, we used a mixture of [3H]aminoacids of varied specific radioactivity. We have delayed detailed characterization of the polypeptides resulting from these cleavages until we have information concerning the primary structure of BMV coat protein.Nevertheless, comparison of the fractionation patterns of the in vitro and the authentic protein clearly leads to the conclusion that they must be nearly identical.
In order to establish whether the protein synthesized in vitro and the authentic protein are precisely the same, it would be necessary to determine the aminoacid sequence of each. The most likely difference would be at the N-terminus. The N-terminus of BMV coat protein is blocked (17) , although the blocking group has not been identified. By analogy with almost all known plant viruses, and in particular by analogy with cowpea chlorotic mottle virus, which is serologically related to BMV, the blocking group is almost certainly acetate. To test whether the in vitro product accepts acetate, [3H]acetyl coenzyme A was incubated along with [14C]aminoacids in the cell-free system. Gel patterns of the incorporation product indicate that the radioactively labeled acetate is incorporated primarily into the putative BMV coat protein.
The ratio of 3H to 14C radioactivity of the coat protein peak represents one acetyl group per 11 leucine residues, which corresponds closely to one acetyl group per protein. Experiments with the initiation inhibitor aurintricarboxylic acid tion of protein synthesis. In those experiments, aurintricarboxylic acid was added to the protein synthesis reaction mixture 15 min after, and [3Hlacetyl CoA was added 18 min after incubation was started. The final concentration of aurintricarboxylic acid in the reaction mixture was 50 AM, at which level no aminoacid incorporation can be observed if the inhibitor is added before incubation is started. Polyacrylamide gel analysis showed that acetylation of coat protein was almost as great (91%) as that of the control sample not treated with aurintricarboxylic acid. This result suggests that the acetylation reaction is a post-initiational modification of the synthesized peptide.
Translation of RNA 3. The in vitro results show that RNA 4 contains the coat-protein cistron. It is already known from complementation studies (9) that RNA 3 also contains the coat-protein cistron. However, we find that the coat-protein region is translated only to a very small extent from RNA 3. The principal product is a protein substantially larger than coat protein (designated protein 3a). Fig. 4 (curve A) The data of Fig. 4 suggest that the structure of BMV RNA component 3 is such that the cistron of protein 3a is translated to a greater extent than that of BMV coat protein.
However, if the wheat-embryo system is presented with a mixture of RNAs 3 and 4, the coat-protein cistron (presumably on RNA 4) is translated perferentially. As shown in Fig. 4 (curve B) when the two RNA components are presented in a 1:1 ratio, the predominant product is coat protein.
We infer that the tertiary structure of the cistronic region of coat protein is different on RNAs 3 and 4. The structures are such that on RNA 4 the coat-protein cistron is read at higher efficiency than cistron 3a and on RNA 3 it is read at lower efficiency. Presumably, this reflects the relative accessibility of their ribosome binding sites with a resulting selective translation of the more accessible cistrons and inhibition of translation of the less available cistrons.
Translation of RNAs 1 and 2 and of Unfractionated BMV RNA. Because of difficulty of obtaining RNAs 1 and 2 in pure form and because there is little genetic and biological data concerning their cistronic content, most of our in vitro studies involving them were done with their mixture. Although they catalyze the incorporation of substantial amounts of amino acid in the wheat-embryo system, no single homogenous product predominates. Fig. 5 (curve A) shows that the products include several partially resolved bands as well as incorporation into heterogeneous products dispersed throughout the analyzing polyacrylamide gels. However, when an equimolar mixture of all four BMV RNAs, or the original, unfractionated BMV RNA at high concentration, is used as a messenger, the product is mostly coat protein (Fig. 5, curve B) . Clearly, the presence of the coat-protein cistron, in monocistronic form, inhibits expression of all the Proc. Nat. Acad. Sci. USA 70 (1973) indicate that the acetylation reaction is not involved in initia-other BMV RNA messages. When much lower quantities of the mixture are used, some translation of the cistrons of RNAs 1, 2, and 3 is evident, indicating that inhibition of their translation results from competition by the coat-protein cistron.
DISCUSSION
The Bi\IV RNA-wheat-embryo combination has several properties that recommend its use for the study of eukaryotic protein synthesis in vitro: The synthesis is faithful and is large in amount. The protein products can be readily obtained in microgram quantities. Both monocistronic and polycistronic messages are available in large amount. One of the cistrons is available in two forms whose capacities for inducing synthesis differ greatly. Of the several proteins synthesized, at least one is acetylated. The extent of translation of the cistrons can be regulated by addition of another cistron.
The most obvious implications already emerging from the in vitro studies of the BMV RNA-wheat-embryo system relate to regulation of in vivo synthesis of the BMV viral proteins. Presumably, at an early stage of infection, proteins other than coat protein must be synthesized-among them an RNA replicase. Later, coat protein must be made in great abundance. We may hypothesize, that, at first, the concentrations of the BMV RNAs provided by the infecting virions are such that all cistrons are read. At a later stage (after replication of RNA has begun) some RNA 3 is enzymatically cleaved to yield substantial amounts of RNA 4; and it is this pretranslational cleavage that triggers the onset of abundant synthesis of coat protein and a decreased synthesis of all other proteins.
The multiplicity of functions of RNA 4 is surprising considering that it is not required for infectivity. In addition to its role as coat protein messenger and its possible participation in regulating the translation of other cistrons, it is a structural component of the BMV virion that also contains RNA 3. Since virions containing RNA 3, alone, have not been observed, RNA 4 presumably provides an important feature of virion construction. Also, in common with the other BMV RNAs, RNA 4, has a 3' terminal primary and secondary structure capable of accepting tyrosine in a tRNA charging system (19) . The significance of this feature is obscure, although our own (unpublished) studies show that BMV RNA, modified so that it no longer is chargeable, is fully capable of serving as an in vitro messenger.
The small size of RNA 4 makes study of the functional significance of its sequence feasible and interesting. The RNA is only about 930 bases long, and roughly 500 of these are consumed by the coat-protein cistron. We assume there exists an untranslated region of the RNA between the 5' terminus and the coat-protein region that serves as a ribosome binding site. There must also exist a region about the 3' terminus that has a tRNA-like sequence. Furthermore, there must be sequences that enable binding of the RNA to BMV coat protein for the purpose of virion assembly, and there may be sequences that facilitate initiation of replication of the RNA by a putative BMV RNA synthetase.
Finally, we should briefly mention other unanswered questions relating to BMV as a self-duplicating biological system. All four BMV RNAs contain information, and all contribute to the survival of the virus. What are the functions of RNAs
